Large-scale regeneration in the adult central nervous system is a unique capacity of salamanders among tetrapods. Salamanders can replace neuronal populations, repair damaged nerve fibers and restore tissue architecture in retina, brain and spinal cord, leading to functional recovery. The underlying mechanisms have long been difficult to study due to the paucity of available genomic tools. Recent technological progress, such as genome sequencing, transgenesis and genome editing provide new momentum for systematic interrogation of regenerative processes in the salamander central nervous system. Understanding central nervous system regeneration also entails designing the appropriate molecular, cellular, and behavioral assays. Here we outline the organization of salamander brain structures. With special focus on ependymoglial cells, we integrate cellular and molecular processes of neurogenesis during developmental and adult homeostasis as well as in various injury models. Wherever possible, we correlate developmental and regenerative neurogenesis to the acquisition and recovery of behaviors. Throughout the review we place the findings into an evolutionary context for inter-species comparisons.
Introduction
Stem and progenitor cells that contribute to tissue homeostasis are amenable for manipulations to elicit regenerative responses after an injury or tissue degeneration (Sanchez Alvarado and Yamanaka, 2014) . Despite this cellular potential most mammalian tissues, including the brain, are largely non-regenerative. In contrast to mammals, naturally occurring examples of regeneration provide powerful models to understand how complex tissues can be replaced (Galliot and Chera, 2010; Gemberling et al., 2013; Roberts-Galbraith and Newmark, 2015; Tanaka and Reddien, 2011) .
Among tetrapods, aquatic salamanders such as newts and axolotls, have the largest regenerative spectrum. Salamanders are tailed amphibians, a sister group of frogs and toads, they are both a predator and prey in freshwater biotopes (Griffiths, 1995) . Thereby, salamanders display complex responses to environmental stimuli from early developmental stages, such as flight and hunting behaviors (Coghill, 1929; Deban and Wake, 2000; Gollin, 1985; Roberts and Clarke, 1983) . In fact, our current understanding of neuro-developmental principles is significantly shaped by experiments performed in salamander larvae in the beginning of the twentieth century (Coghill, 1924 (Coghill, , 1929 Holtfreter, 1933; Spemann and Mangold, 1924; Twitty, 1966) . In addition to developmental studies, salamanders have long fascinated researchers because of their unique abilities to regenerate complex structures, including brain, retina and spinal cord (Brockes and Kumar, 2005; Simon and Tanaka, 2013; Voss et al., 2009; Yun, 2015) . Hence, salamanders are ideal model organisms to study regenerative and developmental processes, and the relationship between the two.
The first studies on CNS regeneration in salamanders date back to the eighteenth century with observations by Spallanzani on tail regeneration (Tsonis and Fox, 2009 ). Subsequently, CNS regeneration in salamanders have been examined in several injury models, such as extirpation of retina, tail amputation or spinal transection CNS [Reviews in retinal regeneration: (Chiba, 2014; Del Rio-Tsonis and Tsonis et al., 2003; Grigorian, 1996; Kodama and Eguchi, 1995; Mitashov, 1996 Mitashov, , 1997 Moshiri et al., 2004) . Reviews in spinal cord regeneration: (Cabelguen et al., 2013; Chernoff, 1996; Chernoff et al., 2002; Diaz Quiroz and Echeverri, 2013; Ferretti, 2004; Fior, 2014; Tanaka, 2003) ]. In the last decade, our group and others have made significant advances in understanding mechanisms of brain regeneration processes (Amamoto et al., 2016; Berg et al., 2010 Berg et al., , 2011 Fujisawa, 1981; Hameed et al., 2015; Kirkham et al., 2014; Maden et al., 2013; Okamoto et al., 2007; Parish et al., 2007) . While salamanders have long been refractory to molecular analyses, technological advances ranging from genome editing to magnetic resonance or diffusion tensor imaging allow the investigation of molecular and cellular processes of CNS development and regeneration at a much higher resolution than previously. It has become feasible to carry out large scale genome wide transcription analyses, gene perturbation experiments, and cell lineage tracing in salamanders (Amamoto et al., 2016; Elewa et al., 2017; Fei et al., 2014 Fei et al., , 2017 Joven et al., 2018; Sandoval-Guzman et al., 2014) .
To address key questions pertinent to regeneration, it is important to integrate these novel methodologies to attain new knowledge of salamander brain anatomy, development, and function. Does regeneration recapitulate embryonic development after injury? To what extent leads regeneration to full restoration of the CNS in terms of tissue organization, neuronal networks, and behavior? What is the relationship between embryonic, larval and adult neuronal progenitor cells? In this review, we first introduce the anatomy and connectivity of the salamander brain, highlighting findings that allow for inter-species comparisons with other vertebrates, including humans. Second, we survey cellular processes of developmental neurogenesis and their relationship to stereotyped behaviors. Third, we review studies of homeostatic and regenerative neurogenesis in adult salamanders.
The salamander CNS in an evolutionary context
Research on brain evolution is based on comparisons across a variety of species. Examining different taxa have increased our understanding of brain anatomy, size, complexity and cell diversity (Sylvester et al., 2011) . The salamander brain lacks the complexity of the mammalian brain (Fig. 1A) both in terms of cell number and morphological tissue organization. Classical studies emphasize the "embryological" features of the adult salamander brain (Fish, 1895) and show how most of the neurons are densely packed in the periventricular gray matter, very similar to the brain of the hypothetical vertebrate ancestor (Herrick, 1927 (Herrick, , 1933 (Herrick, , 1948 Northcutt and Kicliter, 1980) . Based on these observations, comparative anatomists suggested a reduced functionality of the salamander central nervous system compared to other vertebrates, as it was difficult to identify some brain nuclei that would correspond to those found in other taxa (Opdam and Nieuwenhuys, 1976) . The interpretation that salamanders are basal vertebrates with a poorly evolved brain was subsequently challenged once immunohistochemical and tracing techniques were applied. These studies revealed molecularly distinct brain nuclei, previously unnoticed within the dense gray matter (Fritzsch and Himstedt, 1980; González et al., 2017; ten Donkelaar, 1998) . Further studies based on genoarchitecture, neurochemistry and hodology indicated the salamander brain to possess all main features of adult tetrapods (Fig. 1  B) . In contrast to the everted telencephalon of teleost fish, (an important vertebrate developmental and regeneration model organism), salamanders have an evaginated telencephalon like amniote tetrapods (Fig. 1C) .
Cytoarchitecture: genome size and secondary simplification
The adult salamander brain resembles the embryonic mammalian brain (Fig. 1D) , with cell bodies densely packed and surrounded by a fiber layer composed of dendrites and axons. However, major neuronal subtypes and projection patterns are present as in other adult vertebrate brains (Gonzalez et al., 1995 (Gonzalez et al., , 1996 Smeets, 1991, 1992; Joven et al., 2013a,b,c; Marin et al., 1997a,b,c,d; Moreno and Gonzalez, 2007b; Gonzalez, 2008, 2009) . A marked morphological reduction characterizes the sensory systems of amphibians (Roth et al., 1993) . Paradoxically, the most extreme cases of brain simplification was found in tropical salamanders (the plethodontid tribe Bolitoglossini), which are believed to be the most derived group of salamanders and show a great adaptive radiation and extreme specialization (Roth et al., 1993) . The simplification of the CNS has been proposed to be a secondary event in amphibian evolution, and might be in relation with the evolutionary success of extant amphibians (Herrick, 1948; Roth et al., 1993) . The pronounced decrease in morphological complexity of the CNS in salamanders renders their brain a paedomorphic appearance. It has been proposed that there is a correlation between their large genome and cell size (Fig. 1E) , which potentially slows down cell proliferation, resulting in reduced cell number, and consequently simplified migration patterns Roth and Walkowiak, 2015 A) Sagittal schematic representation of the salamander brain highlighting the sensory input (blue) and the neuroendocrine and motor outputs (green) according to ten Donkelaar, 1998 ). B) Connectivity among different brain centers in salamanders after tracing and fiber degeneration studies (see subheading 2.2 for references).
large genome is found also in lungfish, which have the ability of survival in seasonal droughts. Whether the increase in genome size in both lungfish and salamanders provides an adaptive advantage to environmental requirements is still a matter of debate (Roth and Walkowiak, 2015) . The transcriptome of lungfish and the genomes of two species of salamander (Pleurodeles waltl and Ambystoma mexicanum) have recently been characterized indicating that the active transposable elements contribute to genome expansion in both taxa (Biscotti et al., 2016; Elewa et al., 2017; Nowoshilow et al., 2018) . In Ambystoma, long terminal repeat retroelement classes and endogenous retroviruses constitute the largest portion of the repetitive sequences (Nowoshilow et al., 2018) . In Pleurodeles, two thirds of the repetitive elements correspond to Gypsy retrotransposons and Harbinger transposons. Phylogenetic analysis of these transposable elements indicate different evolutionary patterns. The expansion of the Gypsy family appears continuous, while the Harbinger family shows two evolutionary bursts, with one recent expansion (Elewa et al., 2017) . Interestingly, the salamander-specific sequences that show statistically the highest expression in the brain of Pleurodeles compared to other tissues correspond to Gipsy and Harbinger elements [unpublished results following the method published in (Elewa et al., 2017) ], suggesting an active role in the salamander brain. Future studies may unravel the potential roles of these RNA and DNA transposons in brain secondary simplification.
Genoarchitecture, neurochemistry, connectivity and function
The nervous tissue is the physical substrate that underlies complex behaviors in animals. Research on salamanders has been pivotal in our current understanding of vertebrate CNS function in behavior (Coghill, 1924 (Coghill, , 1929 Longo, 2013) . Environmental stimuli are detected by a combination of sensory systems and processed in the CNS, then transformed into appropriate responses by the animal. The sensory systems in salamanders include mechanoreceptive free nerve endings in the skin, a visual system based on the pineal eye, which is excited by dimming (Roberts and Clarke, 1983) , the octavolateral (mechanoreception and electroreception), visual and olfactory systems . Some authors have demonstrated the ability of newts for magnetic orientation, although the magnetoreception mechanism is unknown to date (Phillips, 1986; Phillips et al., 2002) . The various modalities of sensory information enter the CNS through the cranial and spinal nerves following an evolutionary conserved pattern in vertebrates (Murakami and Watanabe, 2009 ). The sensory stimuli are processed by stereotypical contacts between specific neuronal subpopulations at defined anatomical locations, and motor center projections generate the appropriate response. Mapping connections between neurons is therefore pivotal for understanding the neural substrate of specific behaviors. In paragraphs 2.2.1 -2.2.6, we summarize results from neurochemical, hodological and functional studies.
The first experimental studies on the formation of nerve connections in amphibians date back to the first half of the twentieth century (Coghill, 1902; Detwiler, 1925 Detwiler, , 1936 Harrison, 1921; Herrick, 1921 Herrick, , 1925 Herrick, , 1927 Herrick, , 1939 Herrick, , 1942 Herrick, , 1948 Litwiller, 1938a,b; McKibben, 1911; Singer, 1942 Singer, , 1943 Singer, , 1945 Sperry, 1943; Stone, 1922; Weiss, 1926 Weiss, , 1950 Weiss et al., 1936; Yntema, 1937) . Early classical staining techniques (i.e.: Nissl, Weigert, reduced silcer and Golgi preparations) uncovered the pattern of connectivity within the salamander CNS (Coghill, 1902; Herrick, 1921 Herrick, , 1925 Herrick, , 1927 Herrick, , 1933 Herrick, , 1934a Herrick, ,b, 1939 Herrick, , 1941 Herrick, , 1942 Opdam and Nieuwenhuys, 1976; Stone, 1922; ten Donkelaar, 1998; Yntema, 1937) . Further studies based on nerve lesions, as well as injection of both retrograde and anterograde tracers refined our current knowledge of CNS connectivity in salamanders (Fig. 2) (Clarke et al., 1988; Davis et al., 1989 Davis et al., , 1990 Dube et al., 1990; Finkenstädt et al., 1983; Gonzalez and Munoz, 1988; Laberge and Roth, 2005; Lopez et al., 2007; Marin and Gonzalez, 1999; Marin et al., 1997b,c; Muñoz et al., 1997; Naujoks-Manteuffel and Manteuffel, 1988; Sanchez-Camacho et al., 2001 Wicht and Himstedt, 1988) . In addition, the development of immunohistochemical techniques allowed cross-species comparisons of specific glial and neuronal subpopulations. These experiments corroborated that the salamander brain has more in common with other vertebrates than originally anticipated [(cholinergic system: (Lopez et al., 2003 (Lopez et al., , 2007 Marin and Gonzalez, 1999; Marin et al., 1997d) ; dopaminergic system: (Dube and Parent, 1982; Gonzalez et al., 1995 Gonzalez et al., , 1996 Gonzalez and Smeets, 1991) ; GABAergic system: (Franzoni and Morino, 1989; Hamilton, 1992; Landwehr and Dicke, 2005; Naujoks-Manteuffel et al., 1994) ; glial fibrillary acidic protein: (NaujoksManteuffel and Roth, 1989; Zamora and Mutin, 1988) ; glycinergic system: (Landwehr and Dicke, 2005) ; glutamatergic system: (Landwehr and Dicke, 2005) ; nitrergic system: (Lopez et al., 2005; Moreno et al., 2002a,b; Porteros et al., 1996) ; serotonergic system: (Clairambault et al., 1994; Corio et al., 1992; Dicke et al., 1997; Dube and Parent, 1982; Fasolo et al., 1986; Lopez et al., 2005) ; vimentin: (Zamora and Mutin, 1988) ]. In addition, the developmental distribution of transcription factors made it possible to subdivide the salamander brain according to the updated neuromeric model of the vertebrate brain (Joven et al., 2013a,b; Moreno et al., 2014; Puelles et al., 2013; Rubenstein, 2003, 2015) . For example, Pax6 and Pax7 expression patterns demarcate the rostral and caudal boundaries of the diencephalic prosomeres, while Otp, Nkx2.1 and Nkx2.2 expression mark the complex regionalization of the hypothalamus. Interestingly, the temporal dynamics of the expression patterns of these transcription factors suggested migration across neuromeric borders within the prosencephalon, with contribution of diencephalic cells into the basal hypothalamus (Joven et al., 2013b) .
The secondary prosencephalon is the most complex brain area in terms of regionalization, and its nomenclature in vertebrates is subjected to continuous revisions. The last updated model includes two hypothalamo-telencephalic prosomeres, hp1 and hp2 (Puelles et al., 2013; Puelles and Rubenstein, 2015) . Prosomere hp1 consists of two paired evaginated telencephalic vesicles and a non-evaginated region, the peduncular hypothalamus. Prosomere hp2 is non-evaginated and comprises of the preoptic area and the terminal hypothalamus (Puelles and Rubenstein, 2015) . In the salamander brain, the telencephalon have instead been subdivided into olfactory bulbs, septum, pallial territories (medial, dorsal, lateral and ventral), basal ganglia (striatum, accumbens and pallidum), amygdaloid complex (lateral, medial and central) and the preoptic area. The hypothalamus contains alar (paraventricular and suprachiasmatic) and basal components (mammillary and tuberal), each characterized by differential expression of transcription factors, neurotransmitters and specific connectivity (Joven et al., 2013a,b,c; Moreno and Gonzalez, 2007a; Morona and Gonzalez, 2008) .
Telencephalon
The telencephalon got its name from Greek roots, meaning "the endbrain". It comprises of the most rostral part of the vertebrate brain and it is the last part of the brain to develop. It is a center for sensory processing, controls voluntary movements/actions, and has been linked to higher cognitive functions such as emotions, learning and memory.
The olfactory bulbs of salamanders are the rostral telencephalic evaginations that receive primary olfactory information through the olfactory nerves. The accessory olfactory bulbs form due to a thickening of the caudal ventrolateral main olfactory bulbs, and they receive projections from the vomeronasal organ through the terminal nerve (ten . The main olfactory bulbs are organized in a series of concentric layers and contain diverse neuronal subpopulations alike the neuron subtypes found in mammals (Corio et al., 1992; Gonzalez and Smeets, 1991; Hamilton, 1992; Joven et al., 2013a,b,c; Moreno et al., 2002a; Morona and Gonzalez, 2008; Porteros et al., 1996; Wellis and Kauer, 1994) . Secondary projections arising from the olfactory bulbs form two main tracts in salamanders: the medial olfactory tract reaches the rostral part of the septum, dorsal and medial pallia, while the lateral olfactory tract reaches the habenular region passing through the lateral pallium striatum and amygdalar territories (Northcutt and Kicliter, 1980; ten Donkelaar, 1998) .
The pallium in salamanders continues the caudal part of the internal granular layer of the olfactory bulb, and the boundary is marked by an increase in the neuronal size (Northcutt and Kicliter, 1980) . It consists of four regions (medial, dorsal, lateral and ventral) that have been proposed to be homologous to those of other tetrapods (Amamoto et al., 2016; Joven et al., 2013a,b,c; Gonzalez, 2007a,b, 2017; Northcutt and Kicliter, 1980; ten Donkelaar, 1998) . In mammals, the embryonic medial pallium gives rise to the hippocampus (Montiel and Aboitiz, 2015) . The medial pallium in amphibians is the most laminated portion of the forebrain, and it receives multimodal information from the olfactory bulbs, lateral pallium, prethalamic eminence and from the anteroventral thalamus, which in turn receives visual, hypothalamic and spinal information. It projects to the contralateral side, preoptic area, prethalamic eminence, prethalamus and hypothalamus via the medial forebrain bundle (Northcutt and Kicliter, 1980; ten Donkelaar, 1998) . According to molecular characterization, the medial pallium contains two major zones: a dorsally-located area containing er81 + neurons (a marker of subcerebral projection neurons in mammals) and a ventral area harboring mostly fezf2 + neurons (a marker for subcerebral and corticothalamic projection neurons) (Amamoto et al., 2016) . Salamanders and mice share connection patterns and molecular heterogeneity in the dorsal pallium (Amamoto et al., 2016; Westhoff and Roth, 2002) . However in salamanders, it lacks the layered organization and expansion characteristic to the mammalian brain. It receives fibers from the olfactory bulb, medial and lateral pallia, amygdala and the anteroventral thalamic zone. The dorsal pallium projects to the ipsilateral medial and lateral pallia (Northcutt and Kicliter, 1980; ten Donkelaar, 1998) . Functionally, it may represent an olfactory-spatial integratory center . The lateral pallium in amphibians is involved in learning and memory. It is the main target of secondary olfactory fibers and projects to the septum, striatum, and to the medial, dorsal and lateral pallia (Northcutt, 1981; Northcutt and Kicliter, 1980; ten Donkelaar, 1998) . At the molecular level, it contains a variety of neurons indicated by the presence of markers for projection neuron subtypes and interneurons: rorb, tle4, satb2, calb2 (Amamoto et al., 2016) . In mammals, the embryonic lateral pallium gives rise to the olfactory cortex (Montiel and Aboitiz, 2015) . The amygdala is topographically located in the ventrolateral area of the caudal telencephalon. Three amygdaloid nuclei in salamanders have been distinguished and proposed as homologous to the mammalian ones based on neurochemistry, developmental gene expression patterns, and connections (Joven et al., 2013a,b; Marin et al., 1997a,b,c; Moreno and Gonzalez, 2007a) . The ventral pallium gives rise to the lateral amygdala, which receives diverse types of sensory information through direct (olfactory) or indirect (olfactory, somatosensory, octavolateral and visual inputs integrated by the medial pallium) pathways. It contains cells expressing a wide diversity of molecular markers, such as rorb, ctip2, fezf2, tle4, satb2 and calb2 (Amamoto et al., 2016) . The autonomic amygdaloid subdivision (central amygdala) is of striatal origin with connections to the brainstem, which mediates autonomic, somatic, endocrine, and behavioral responses. The medial amygdala, which is of subpallial origin, receives conversely olfactory and the bulk of vomeronasal information. It influences behavior by its projections to the hypothalamus Marin et al., 1997a,b,c; Moreno and Gonzalez, 2007b) . The bed nucleus of the stria terminalis, considered as extended amygdala, is poorly defined in salamanders, however like in anurans it can be defined by expression of Nkx2.1 and by calretinin-expressing cells. (Joven et al., 2013a,b; Moreno et al., 2012; Morona and Gonzalez, 2008) .
The basal ganglia, originally thought to be an evolutionary innovation of the amniote brain, were characterized in salamanders two decades ago. Dorsal (striatum and dorsal pallidum) and ventral (accumbens and ventral pallidum) striatopallidal systems are formed within regions that are reminiscent of the mammalian lateral and medial ganglionic eminences. These regions share structural similarities with other tetrapods, first being positive for dopamine, substance P and enkephalin, and second by having neurons projecting to other brain areas in a pattern shared with all the other extant tetrapods studied to date (Dube et al., 1990; González et al., 2017; Laberge and Roth, 2005; Marin et al., 1997a,b; Northcutt and Kicliter, 1980; ten Donkelaar, 1998) . The basal ganglia in salamanders share functional similarity with other vertebrates, with dopaminergic projection from the ventral midbrain being involved in conditioned learning and exploratory behavior .
The septum is a continuous structure with the basal ganglia located in the medial wall of the telencephalic hemispheres, and likely of mixed pallial and subpallial origin. It represents a high associative brain center, as it receives ascending projections from the prethalamus, tegmentum and brainstem centers, together with intratelencephalic connexions from the olfactory bulbs, amygdalar territories, basal ganglia and preoptic region. Given its reciprocal interconnections, the septum is believed to have important functions in endocrine, autonomic, and complex behavioral mechanisms Northcutt and Kicliter, 1980; ten Donkelaar, 1998) .
The preoptic area in salamanders is the nonevaginated part of the telencephalon, is sexually dimorphic and receives vomeronasal information through the terminal nerve ten Donkelaar, 1998; Joven et al., 2018) . It contains substance-P-expressing neurons projecting to the hypothalamic regions, as well as vasotocin and mesotocin neurons projecting through the rest of the brain and spinal cord (Gonzalez and Smeets, 1992; Hollis et al., 2005; Lowry et al., 1997) . Moreover, administration of vasotocin affects sensorimotor processing and social behavior in salamanders (Rose and Moore, 2002) . Vasotocin and mesotocin are the non-mammalian homologous peptides of vasopressin and oxytocin, they are involved in the central modulation of social behavior, such as pairing recognition, pairbonding, social memory, sexual behavior, and parental care (Hollis et al., 2005; Lowry et al., 1997; Moore et al., 2000 Moore et al., , 2005 ZimmermannPeruzatto et al., 2015) . Salamanders are often found in groups in their natural habitat, and some species exhibit parental care (Oneto et al., 2010) . Further studies are needed to test a putative link between social behaviors and preoptic-hypothalamic brain regions in salamanders.
Hypothalamus
The name hypothalamus means "under the thalamus". It is the rostral-most portion of the prosencephalon according to the early segmentation of the vertebrate neural tube, although due to the cephalic flexure, it ends up in a ventral position. Its regionalization in amphibians has been revised recently, and it now is believed to contain alar (paraventricular and suprachiasmatic/subparaventricular) and basal (mammillary and tuberal) parts (Dominguez et al., 2015; . As in other tetrapods, the hypothalamus in salamanders is sexually dimorphic, and contain well-defined neuronal subpopulations, being a bridge between the autonomic and the limbic systems. The paraventricular region contains cell bodies projecting to the hypophysis that secrete arginine, TRH, somatostatin, vasotocin, and mesotocin, highlighting its role in neuroendocrine control. In common with amniotes, but contrary to other anamniotes, in salamander the paraventricular region ventricular zone expresses Pax6. The salamander subparaventricular region is characterized by the presence of the suprachiasmatic nucleus, which contains GABAergic and dopaminergic neurons. The suprachiasmatic nucleus receives photosensory inputs and plays a major role in the generation of biological rhythms, and the lightdependent control of skin pigmentation through efferent projections to the hypophysis. The basal hypothalamus contains the nucleus of the periventricular organ, a circumventricular specialization that contains dopaminergic and serotonergic cells in contact with the cerebrospinal fluid. The complex conserved connectivity that characterize the basal hypothalamus in vertebrates including salamanders suggest a high-order integratory center for behavioral control (Dulcis and Spitzer, 2008; González et al., 2017; Hollis et al., 2005; Joven et al., 2013b; Moore et al., 2000 Moore et al., , 2005 Joven et al., 2018; Dominguez et al., 2015) .
Diencephalon
Etymologically meaning "through the brain", the diencephalon is considered as a relay and processing center in the vertebrate brain, connecting forebrain and hindbrain. The diencephalon in salamanders is regionalized into three segmental units referred to as prosomeres: p1, p2 and p3. They are defined by gene expression patterns and morphological landmarks, the alar derivatives of p3, p2 and p1 are the prethalamus, the thalamus and the pretectum, respectively (Joven et al., 2013a,b,c; Morona and Gonzalez, 2008) . The prethalamus receives retinal and somatosensory inputs and contains several nuclei, including a dopaminergic subpopulation. It projects to the preoptic area, septum, medial pallium and the basal ganglia. The basal part of p3 develops into the posterior tubercle Joven et al., 2013b,c; Northcutt and Kicliter, 1980; ten Donkelaar, 1998) . The habenular complex is a roof derivative of the p2 segment. It represents the most asymmetrical part of the salamander brain, and has been shown to be important in the well-conserved dorsal diencephalic conduction system, related to complex functions in vertebrates (Bianco and Wilson, 2009 ). The habenula receives inputs from the striatum, posterior pole of the telencephalon, thalamus, hypothalamus, preoptic area, tegmentum and the raphe. It projects to the thalamus, hypothalamus, preoptic area and tegmentum (ten . The thalamus, important in prey/predator recognition, is a multimodal integratory center, and the main source of ascending projections to the telencephalic regions. The pretectum is functionally related to the visual system, involved in visually guided behaviors like hunting and flight behaviors. It receives projections from the mesencephalic tegmentum, the prethalamic nucleus of Bellonci and the contralateral pretectum. Pretectal neurons in salamanders have been found to project also to the thalamus, prethalamus and basal ganglia (ten Donkelaar, 1998).
Mesencephalon
Literally meaning midbrain, the mesencephalon is involved in processing multimodal information. The alar mesencephalon contains the optic tectum, which despite its name is an integratory center for visual, octavolateral and somatosensory information, all of which modalities topologically organized. Another alar mesencephalic derivative is the torus semicircularis, which has been proposed as homologous to the mammalian inferior colliculus, and has been shown to process auditory, vibratory and vestibular signals in salamanders. The basal part of the salamander mesencephalon, or ventral midbrain, contains the tegmental catecholaminergic groups that correspond to A9-A10 dopaminergic nuclei in mammals and the cholinergic oculomotor nucleus (Finkenstädt et al., 1983; González et al., 2017; Marin and Gonzalez, 1999; Naujoks-Manteuffel and Manteuffel, 1988; Naujoks-Manteuffel et al., 1991; ten Donkelaar, 1998) .
Rhombencephalon
The rhombencephalon name comes from its shape, "rhomboid brain". It is the most caudal of the three primary vesicles in the embryonic brain, and it is the first to mature. The rhombencephalon has diverse functions, including motor activity, respiratory rhythm, sleep, and wakefulness. The rostral rhombencephalon in salamanders contains the isthmic segment (r0), which has been considered mesencephalic in the past due to its oblique position (Opdam and Nieuwenhuys, 1976) . The isthmic nucleus lies in the alar part, while the cholinergic trochlear nucleus is found in the tegmentum rostral to the interpeduncular nucleus, the main target of the habenular projection in the dorsal diencephalic conduction system. Dorsally lies the cerebellum, an alar derivative originated from the rostral rhombencephalon and organized in a very simple structure compared to other anamniotes. The rest of the hindbrain contains a number of nuclei defined by neurochemical profiles and links to the cranial nerves, including the reticular formation, preganglionic parasympathetic column, somatomotor and branchiomotor nuclei, among others ten Donkelaar, 1998) .
Spinal cord
As in other tetrapods, the spinal cord in salamanders contains a central grey matter that can be subdivided in dorsal (sensory), intermediate (commissural) and ventral (motor), surrounded by a fiber zone that contains somatotopically arranged ascending spinal projections up to the thalamus (Muñoz et al., 1997) , and the supraspinal descending pathways controling locomotion (Davis et al., 1989; Harper and Roberts, 1993; Nishikawa et al., 1991; ten Donkelaar, 1998) . Neurons sending descending pathways to the spinal cord are mainly located in the midbrain and rhombencephalon, but also in the magnocellular preoptic and ventrolateral thalamic nuclei (Clarke et al., 1988; Davis et al., 1989; Naujoks-Manteuffel and Manteuffel, 1988) .
Salamander glia and homologous vertebrate cell types
In addition to neurons, glial cells are pivotal for brain formation and function. The role of glial cells to give structural and nutritional support for the neurons was suggested more than hundred years ago (Ramón y Cajal, 1909) . Today, considerable amount of data show their function in neurotransmission modulation (Ben Haim and Rowitch, 2017) . Oligodendrocytes, astrocytes and microglia are considered the mature glia in the mammalian brain, and corresponding glial subtypes are found in amphibians as well (Naujoks-Manteuffel and Roth, 1995) . In most nonmammalian vertebrates, such as in amphibian, bony fish, rays and sharks, as well as reptiles, radial glial cells remain abundant and widespread in the adult CNS (Dimou and Gotz, 2014) , and their presence has been related to a high regenerative potential (Alunni and Bally-Cuif, 2016) . However, the mere existence of such cells is not sufficient for driving CNS regeneration as exemplified by adult anurans . In the mammalian brain, radial glial cells disappear in most regions, but persist in a few niches where neurogenesis continues: subventricular zone, dentate gyrus and hypothalamus (Dimou and Gotz, 2014) . In addition, the circumventricular organs are rich in ventricular/subventricular cells that express classical neural stem cell markers (GFAP, nestin, vimentin) and are able to undergo neurogenesis and gliogenesis both in vivo and in vitro (Bennett et al., 2009; Furube et al., 2015) .
In salamanders, the predominant type of glia are the radial glial cells, whose somata are located in the ventricles and whose arborized processes wrap the blood vessels and contact the pial surface (NaujoksManteuffel and Roth, 1989) . GFAP expression was first reported in Salamandra salamandra. The GFAP + cells were originally termed astroglia or astrocytes due to the GFAP-staining (Naujoks-Manteuffel and Roth, 1989 Roth, , 1995 . The term ependymoglia, which is used today, is more appropriate because of their ventricular position and their lack of star-shape characteristic of astrocytes. Nevertheless, their morphology has adapted to the functional needs of gray and white matter, possessing characteristics of mammalian astrocytes (Miller and Liuzzi, 1986) . Parenchymal GFAP + cells are very rare in the salamander CNS and usually are described to have an amoeboid morphology Roth, 1989, 1995) . Functionally, ependymoglial cells absorb metabolites from the cerebrospinal fluid, supply those to neurons, and transport towards their end feet, which are in contact with the blood supply (Naujoks-Manteuffel and Roth, 1995) . A secretory function for ependymoglial cells was proposed based on their polarized organelle distribution (Zamora, 1978) . They possess neurogenic potential both in developmental and adult homeostasis as well as in brain regeneration (Berg et al., 2010 Joven et al., 2018; Kirkham et al., 2014; Parish et al., 2007) . Ependymoglial cells express other glial markers such as Sox2, vimentin and GLAST (Fei et al., 2014; Hui et al., 2013; Joven et al., 2018; Kirkham et al., 2014; Zamora and Mutin, 1988) . Further characterization distinguished two main types of ependymoglia (Fig. 3A, B (Kirkham et al., 2014) . Ontogenic analysis of the origin of both subpopulations in Pleurodeles and Notophthalmus indicated that early in development all the ependymoglia are of type 2 origin. Along with neurogenic processes in different brain areas, the associated ependymoglial populations show a decrease in proliferation during development, however the proliferation indexes in adult stages are speciesspecific Richter and Kranz, 1981) . Such a developmental decrease in proliferation rates is a common feature of tetrapods, including mammals (Faiz et al., 2005) . In salamanders, cell population studies, confirmed with clonal analyses of genetically labeled cells, showed that ependymoglial cells located in proliferative regions of the developing brain are expanding more compared to clones located in developing quiescent regions. These findings suggest that highly proliferative, fast-dividing progenitors (type-2 ependymoglia) give rise to the slow-dividing stem cells (type-1 ependymoglia) in development (Fig. 3 D) . The appearance of type-1 ependymoglial cells coincide with a decrease in proliferation rate, lengthening of cell cycle and the presence of neurons and blood vessels (Fig. 3A, C) . Increasing evidence indicate that proliferation and migration of neural stem cells are to a great extent dependent on blood vessels. Neurogenic and angiogenic processes have been linked in other taxa, including birds and mammals (Koutsakis and Kazanis, 2016) .
Homeostatic neurogenesis in salamanders
Neurogenesis involves several processes, such as proliferation, differentiation, migration, and programmed cell death (Ryu et al., 2016) . Studies in mammals showed that stem cells in different brain regions give rise to different subtypes of neurons in the adult brain (AlvarezBuylla et al., 2008; Merkle et al., 2007) . The regional diversity of neuronal precursors during brain formation and adult homeostatic neurogenesis in salamander has recently been described, showing similar patterns to those observed in mammals (Amamoto et al., 2016; Joven et al., 2018; Kirkham et al., 2014; Maden et al., 2013) .
In the mammalian brain, different classes of neurons are produced in a unique temporal pattern from common or lineage restricted progenitors (Bartolini et al., 2013; Lledo et al., 2008) . This is also the case for salamanders, demonstrated in two species by the developmental dynamics of dopaminergic and cholinergic subpopulations . Moreover, in the better characterized formation of the mammalian neocortex, common progenitors in the pallium change fate potential over time to generate different subtypes of excitatory projection neurons in a defined temporal order. Meanwhile, spatially restricted progenitor regions (MGE, CGE and POA) produce inhibitory interneurons that migrate tangentially into the area (Marin and Muller, 2014) . Retroviral lineage-tracing studies in the mammalian cortex have shown that some clones appear spatially restricted as clusters while others are more dispersed Cepko, 1992, 1993) . Both patterns were observed by clonal analysis of neuronal progenitors and their precursors in transgenic Pleurodeles . Future studies using additional transgenic salamander lines will shed light on the extent of evolutionary conservation in the tetrapod brain formation, and help resolving key questions on neuronal diversification and positioning such as clustering/dispersion of clonally-related GABAergic neurons in the forebrain (Mayer et al., 2016; Sultan et al., 2016; Turrero Garcia et al., 2016) .
Neurogenesis and emergence of behaviors during salamander brain development
Studies on developmental neurogenesis in salamanders date back to the beginning of the twentieth century, with detailed mapping of mitotic figures and neuroblasts in embryonic development (Coghill, 1924) . These results are not only relevant to developmental biologists, but also provide means to design appropriate tests to assess the functional significance of recovery after various brain lesions.
Except for a few rare cases, salamander development is entirely external, which allows both observation as well as manipulation during embryonic and larval stages. In addition, salamander development follows a program whose timing can be experimentally modulated by temperature. The appearance of external characteristics was used for staging of a number of salamander species [Ambystoma mexicanum: (Armstrong and Malacinski, 1989; Bordzilovskaya et al., 1989; Nye et al., 2003) ; Cynops pyrrhogaster: (Anderson, 1943) ; Notophthalmus viridescens: (Khan, 1995; Wong and Liversage, 2005) ; Pleurodeles waltl: (Gallien and Durocher, 1957; Shi, 1995) ; Triturus helveticus: (Gallien and Bidaud, 1959) ; Triturus vulgaris: (Glaesner, 1925; Liozner and Dettlaff, 1991) ]. Amphibians in general are particularly suitable for neuroethological analyses to understand processes leading to complex behaviours, such as visually guided prey-catching and avoidance (Dicke et al., 1998; Ewert, 1984 Ewert, , 1987 . Despite some inter-species variation, the typical salamander development up to metamorphosis is divided into four main phases, which are characterized by the formation of body structures and an increasing behavioral repertoire. These four stages are the embryonic, initial larval, early active larval and late active larval periods [summarized in ].
The embryonic period comprises the formation a free-swimming Fig. 5 . Chemical ablation and regeneration. A) In normal development (left), the dopaminergic group located in ventral midbrain (A9-A10) projects to the basal ganglia (striatum and nucleus accumbens), where this innervation plays several roles in contextual fear, stimulus-response learning and decision making. B) After selective chemical ablation of these mesencephalic cells (right), the dopaminergic innervation disappears in the basal ganglia, leading to a decrease in proliferation in the striatum, an increase in dopaminergic neurogenesis in the ventral midbrain, and altered behavioral responses in contextual fear, stimulus response learning and decision making tests .
A. Joven, A. Simon Progress in Neurobiology 170 (2018) [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] larva from a single cell (the fertilized egg) until hatching. While encapsulated in the jelly coat, organogenesis occurs including the appearance of the CNS, with primary sensory and motor systems. Coghill founded a basis for behavioral neuroscience in vertebrates by showing the relationship between CNS maturation (spinal cord and hindbrain) and emergence of locomotor behaviors that result in swimming in salamanders (Coghill, 1924 (Coghill, , 1929 Longo, 2013) . The neurons that innervate muscle and control the emergence of swimming behavior (Coghill, 1913) are cholinergic (ChAT + ) spinal motoneurons, a cell type that has been extensively studied in the past (Clarac and Barbara, 2011) . Motoneuron generation, which is ongoing until the larvae reach 7 cm body length in the axolotl larva, was demonstrated by double labeling with 3 H-thymidine and the retrograde tracer horseradish peroxidase, . Immunohistochemical techniques confirmed subsequently the appearance in the salamander brain of the first ChAT + cell subpopulations at the last embryonic stages (Lopez et al., 2003) . In a recent study, we showed how the emergence of complex behaviors is related to neurogenesis and maturation of specific brain regions, as outlined in Fig. 4A . Directly after hatching, which marks the end of the embryonic period in salamanders, the initial larvae remain mostly motionless absorbing the remaining yolk as the digestive system matures (Gallien and Durocher, 1957; Roberts and Clarke, 1983) . Proliferation in the brain is widespread at these stages, but neurogenesis is mostly restricted to the mid-and hindbrain areas (Fig. 4A) . At this point of development, specific brain nuclei involved in visual, octavolateral, integratory and motor processing emerge (Gonzalez et al., 1995; Joven et al., 2013b,c; Moreno et al., 2002b) , necessary for active feeding. Unlike anurans, salamanders are exclusively carnivore already as larvae, and as such they need to hunt from early developmental stages (Gallien and Durocher, 1957; Joven et al., 2015) . This behavior would not be possible without fundamental differences in how the sensory systems and brain structures are shaped compared to anurans or amniotes. It would be of significance to explore the differences among these two sister taxa with regard to the brain structures underlying control and mechanisms of food intake. The start of hunting behavior marks the beginning of the active larval period. Due to major changes in brain anatomy, the long active larval period is subdivided in two phases, early and late, in which the animals develop the fore-and hind-limbs respectively (Joven et al., 2013b,c) . In parallel, neurogenic waves in the forebrain centers correlate with the emergence of complex behaviors. Maturation of medial pallium and basal ganglia correlate with the emergence of exploratory behavior and associative learning, respectively, in the early active larval period (Fig. 4A) . The maturation of the olfactory bulbs and secondary olfactory, as well as the multimodal processing centers (lateral, dorsal and ventral pallia, and amygdalar territories) correlate with the emergence of olfaction, instrumental conditioning, olfaction-driven foraging and decision making in the late active larval period (Fig. 4A) .
We have argued that, despite major morphological differences, there are conserved attributes of the tetrapod brain. Nevertheless, there are also unique features of each species and the question is how these variations arise. Alterations between taxa might emerge because of changes in neurogenesis timing, cell cycle rates, or boundary shifts, thus making it essential examine each of these mechanisms (Charvet et al., 2011) . How waves of neurogenesis shape the brain is also influenced by environmental constrains and behavioral responses through sensory-motor integration (Valero et al., 2016) . In the developing brain of Xenopus, for example, the number of neurons of a specific dopaminergic subpopulation is regulated by illumination (Dulcis and Spitzer, 2008) . We also found that in Pleurodeles the lack of dopaminergic innervation in the developing striatum affects local neurogenesis in the forebrain and impairs the performance of associative learning, decision making and fright behaviors (Fig. 5) . In addition, in adult zebrafish, the brain has the capacity for sensoryspecific modulation of neurogenesis at distinct stages, and this property may be associated with the type of stem cell present in the niche. Exposure of animals to sensory stimuli influence stem/progenitor population size in the visual niches and neuronal survival in the chemosensory niches (Lindsey et al., 2014) . In conclusion, results obtained in fish, frogs and salamanders revealed how environmental cues have the capacity to fine-tune neurogenic programs eventually leading to the modulation of complex behaviors.
Homeostatic neurogenesis in the adult salamander brain
The number of neurogenic niches in the adult brain varies among species, but there is a correlation between a decrease in neurogenic niches, an increased brain complexity and reduced regenerative potential. While the teleost brain contains multiple neurogenic sites (Ganz and Brand, 2016) , neurogenesis takes place in a few restricted niches in the mammalian brain (Lledo et al., 2008) . There is however no causal connection between homeostatic and regenerative neurogenesis. Although the brain of an adult red spotted newt Notophthalmus is largely quiescent (Berg et al., 2010; Joven et al., 2018) , it responds to subtype selective neuronal ablation by complete cellular recovery that is fuelled by neurogenesis (Parish et al., 2007) . In general, there is an ontogenetic decline in the number of homeostatic neurogenic niches in adult salamanders, and a decrease in proliferation has been reported in the brain of aged axolotls (Richter and Kranz, 1981) . Nevertheless, there is considerable variation among salamander groups with respect to adult homeostatic neurogenesis (Fig. 4B) (Maden et al., 2013; Kirkham et al., 2014; Joven et al., 2018) . For example, extensive proliferation at homeostasis has been reported for the brain of the axolotl Ambystoma, which also has substantial brain regeneration capacity (Richter and Kranz, 1981; Maden et al., 2013; Amamoto et al., 2016) . The Iberian ribbed newt Pleurodeles, displays an intermediate position between Notophthalmus and Ambystoma in the distribution of germinal regions in the adult brain . In all these species, the endogenous neural progenitor cells express GFAP and reside invariably in the ventricular zone Maden et al., 2013; Parish et al., 2007) . Clusters of actively proliferating cells, also called matrix areas (Kirsche, 1983) and hot spots (Kirkham et al., 2014) , have been described in similar anatomical regions across the three species: ventral pallium, septum and pallidum in the telencephalon, alar hypothalamus, and rostral diencephalon. In addition to these telencephalic areas, Pleurodeles contain proliferation zones in the olfactory bulbs, basal hypothalamus and caudal mesencephalon, and in Ambystoma widespread proliferation is found throughout the brain (Berg et al., 2010; Joven et al., 2018; Kirkham et al., 2014; Maden et al., 2013) . In all species of salamanders examined so far, the postembryonic matrix zones are more widespread in young animals than in old ones, and are an origin of glial and neuronal cells (Berg et al., 2010; Joven et al., 2018; Kirsche, 1983) .
Regenerative neurogenesis in salamanders
The evolutionary origin or regenerative capacities, including CNS regeneration, is a matter of debate. The phylogenetically uneven distribution of a wide range of regenerative species suggests that regeneration is an ancestral phenomenon that has been lost in most but retained in certain species (Sanchez Alvarado, 2000; Simon and Tanaka, 2013) . Nevertheless significant variations exist also among regenerative species in terms of the spectrum of tissues and organs that are regenerative and also in terms of the underlying processes. For example, adult newts are able to regenerate the lens of the eye, while the axolotl Ambystoma has an age-related loss of lens regeneration (Grogg et al., 2005; Hayashi et al., 2013; Suetsugu-Maki et al., 2012) . In addition, Notophthalmus engage additional cellular sources compared to Ambystoma during limb regeneration . These observations indicate that micro-evolutionary selection pressures might be responsible for how an inherent (ancestral) regeneration potential is manifested, or even if the capacity manifests at all. In line with this notion, three studies have demonstrated that manipulation of a single signaling pathway is sufficient to induce full regeneration in normally regeneration-deficient species (Liu et al., 2013; Sikes and Newmark, 2013; Simon, 2013; Umesono et al., 2013) . Based on the existence of taxon-specific genes, with important function in regeneration (Geng et al., 2015) , an alternative view suggests that regeneration capacity in different species arose independently from each other (Slack, 2017) . Regeneration in the salamander clade likely represents a conserved ancestral trait, as fossil data indicate that regeneration was already present in temnospondyl amphibians that lived in mountain lakes 300 million years ago (Brockes, 2015) .
Evolutionary driving forces are hard to test experimentally and most conclusions remain hypothetical. We recently showed that Notophthalmus is highly tolerant to shifts in oxygen (O 2 ) tension. This is no surprise, given that these animals need to cope with altering O 2 tension in their natural habitat (Berner and Puckett, 2010) . Experimental recapitulations of hypoxia and subsequent re-oxygenation showed neuronal cell death, inflammation, and a neurogenic response, which was dependent on production of reactive oxygen species (ROS). Importantly, increased ROS production was also found in normoxia upon ablation of dopaminergic neurons and regeneration was impaired if ROS production was blocked (Hameed et al., 2015) . ROS production was shown to be required for tail regeneration in the Xenopus tadpole (Love et al., 2013) . These findings by no means indicate that regeneration is dependent on ROS production in all regenerative species. Nevertheless shifting O 2 concentrations in the natural habitat of Notophthalmus may represent an example of a micro-evolutionary selective pressure for neuronal replacement in adult brain, and a plausible hypothesis is that ROS production may have been recruited to the capacity to replace lost neurons in the brain of Notophthalmus. In addition, cold shock in adult Triturus [a species that undergo yearly hibernation; (Griffiths, 1995) ] causes proliferative activity comparable to the one seen during regeneration (Franceschini et al., 1992) . The homeostatic production of new neurons in the salamander CNS is modulated after injury for example by altering cell cycle rate and the orientation of the cell division plan (Rodrigo Rost et al., 2016) . These changes occur usually in neurogenic areas, also called postembryonic matrix zones (Kirsche, 1983 ) but as we will discuss later (subheading 4.1.3) the salamander brain can induce injury-responsive neurogenesis also in normally non-germinal zones.
4.1. CNS injury models in salamanders 4.1.1. Tail amputation and spinal transection CNS regeneration in salamanders has most often been studied after spinal cord injury. The two dominating spinal cord injury models in salamanders are tail amputation, which has been most frequently carried out on larvae, and spinal cord transection, which is most often performed on adults (Chernoff, 1996 , Chernoff et al., 2002 Piatt, 1955) . Salamanders are the only limbed vertebrates that regenerate the adult spinal cord following transection at all axial levels and recover locomotion (swimming) (Holtzer, 1951 (Holtzer, , 1952 Piatt, 1955; Stefanelli, 1950) . This ability in salamanders was demonstrated in several species: Ambystoma (Butler and Ward, 1965) , Cynops (Butler and Ward, 1967) ; Notophthalmus (Butler and Ward, 1967; Davis et al., 1989 Davis et al., , 1990 , and Pleurodeles (Cabelguen et al., 2013; Chevallier et al., 2004) . Recovery of locomotion is linked to re-innervation by descending glutamatergic and serotonergic projections arising from neurons in the rhombencephalon (Chevallier et al., 2004; Davis et al., 1989 Davis et al., , 1990 . Ependymal cells lining the central canal of the spinal cord (which are the counterparts of the ventricular ependymoglia cells in the brain) play a major role in axonal regeneration. In the regenerating preneural ependymal tube, the radial extensions from the ependymal cells form channels among which the axons are regrowing (Egar and Singer, 1972; Nordlander and Singer, 1978; Singer et al., 1979 ). This process is highly similar to the development of longitudinal neural tracts in the amphibian embryo and larvae (Nordlander and Singer, 1982a,b; Singer et al., 1979) . Regeneration of the spinal cord after transection starts by wound healing at each transection surface, followed shortly by dilation of the central canal to form an elongated terminal vesicle (Chernoff et al., 2002) . Cell proliferation, migration and fiber growth contribute to the gap closure as the missing part becomes repopulated by neurons and axons (Butler and Ward, 1967) .
Upon tail amputation, the region close to the amputation plane generates the neural progenitors for regeneration, which expand along the anterior-posterior axis. Most progenitors retain their position along the dorsal-ventral axis during regeneration but some cells at the distal end of the spinal cord will cross from ventral to dorsal domains (McHedlishvili et al., 2007) . Expansion of progenitor cells occurs by rapid cell cycle entry with a re-orientation of the mitotic spindle during the initial phase of outgrowth, followed by neurogenesis in the newly forming spinal cord (Benraiss et al., 1999; . In addition, postmitotic neurons from the stump translocate into the regenerating part where they survive for at least four weeks and appear intercalated with newborn neurons derived from ependymal cells during regeneration .
Understanding spinal cord regeneration on a molecular level is only at its infancy. Based on expression profiling, several factors have been implicated in ependymal cell proliferation, matrix remodeling and patterning [for reviews, see Tanaka and Ferretti, 2009)] . Molecular profiling has shown that ependymal cell proliferation and neuronal differentiation are modulated by several factors, such as retinoic acid, EGF and FGF-2 (Fahmy and Moftah, 2010; Hunter et al., 1991; Moftah et al., 2008; O'Hara and Chernoff, 1994; O'Hara et al., 1992; Zaky and Moftah, 2014) . Upon injury, the ependymal cells up-regulate neural stem cell markers that are not detectable in uninjured animals, and there are major changes in the composition of intermediate filaments, extracellular matrix and adhesion (Chernoff et al., 2002; Walder et al., 2003) . Most ependymal cells and their progeny retain their positional identity during spinal cord regeneration, demonstrated by clonal analysis and Pax6 and Pax7 transcription factor expression, which remain to be expressed even in adult salamander CNS (Joven et al., 2013a; McHedlishvili et al., 2007) . Sonic hedgehog (Shh) is also required for proper dorso-ventral identity during spinal cord regeneration, and it inhibits proliferation of the blastemal cells at the tip of the regenerating tail (Schnapp et al., 2005) . Recent genome editing experiments showed that disruption of Sox2 gene inhibited ependymal cell proliferation and spinal cord regeneration in the axolotl, but intriguingly normal development was not affected (Fei et al., 2014) .
Brain tissue extirpation
As a pioneer on salamander brain regeneration research, Sibbing used four different species of European salamanders (Pleurodeles, Triturus), in which several parts of the brain were extirpated and assessed for regenerative morphology in a small number of animals. These experiments indicated varying outcomes, including no regeneration, partial regeneration, reorganization of the cytoarchitecture, and hypertrophy (Sibbing, 1953) . Subsequently, several studies showed that an axolotl is capable to regenerate its telencephalon. After ablation of nearly the entire hemisphere, the forebrain grows back from the caudal end towards the olfactory bulb, which suggested re-establishment of functional connections with the olfactory nerve stumps (Kirsche and Kirsche, 1964a,b, 1968; Kirsche, 1983; Richter, 1968; Winkelmann and Winkelmann, 1970) . As Kirsche interpreted his results, telencephalic regeneration after removal of the rostral third in Ambystoma is accomplished by mitotic division of progenitors located in the brain and olfactory epithelium, together with the formation of new synapses by the growing fibers (Kirsche, 1983) . Maden and collaborators showed by thymidine-analog pulse-chase experiments that, after unilateral removal of a large portion of the telencephalon, new cells populated the A. Joven, A. Simon Progress in Neurobiology 170 (2018) [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] regenerating hemisphere compared to the contralateral one. In accordance with earlier observations (Kirsche, 1983) , both complete and incomplete regeneration was reported (Maden et al., 2013) . Complete regeneration in adult Triturus after removal of part of the telencephalon or the optic tectum was first reported based on gross morphology. These studies showed that proliferation of the ependymoglia reach a maximum peak at seven days after lesion, formation of new born cholinergic neurons was demonstrated after two months, and complete regeneration was achieved three months after injury (Del Grande et al., 1982a,b; Del Grande and Minelli et al., 1971; Franceschini et al., 1992; Minelli and Del Grande, 1974a,b; Minelli et al., 1987 Minelli et al., , 1990 . In a similar study, Okamoto and collaborators showed not only neurogenesis and structural regeneration of the optic tectum after removal, but also recovery of retinotectal projections in Cynops (Okamoto et al., 2007) . Interestingly, retinotopic projection of the tectum is maintained after optic nerve transection (Fujisawa, 1981) , which indicates the capability of the system to restore proper connections.
An insightful study by (Amamoto et al., 2016) examined axolotl brain regeneration after removing part of the pallium in greater detail, by combining non-invasive magnetic resonance imaging, molecular characterization, axonal tracing and electrophysiological assessment. They defined the time course of regeneration in four major phases: tissue remodeling occurs first by stump protusion and then wound closure, which is followed by proliferation and neuronal differentiation (Amamoto et al., 2016) . They also examined the outcome of regeneration and found out that the original tissue architecture is not completely restored, although neuronal molecular diversity and specific neuronal subpopulations are re-established. The electrophysiological features of the newly born neurons were comparable to their counterparts in the non-injured brains, which indicated that new neurons were able to integrate into functional networks. However, they found less retrogradely labelled cells in the lateral and dorsal pallia of regenerated versus control animals, representing a deficiency in regenerated longdistance projections (Amamoto et al., 2016) .
Subtype selective neuronal ablation
In a series of experiments our laboratory examined regeneration of dopaminergic and cholinergic neurons in Notophthalmus by injection of selective neurotoxins, a procedure that does not evoke major brain trauma . Following ablation of dopaminergic neurons in Notophthalmus, complete restoration of motor behavior and histological recovery occur within four weeks (Parish et al., 2007) . Both cellular regeneration and the recovery of motor performance are dependent on neurogenesis from ependymoglial cells, indicated by administration of AraC (which eliminates proliferating cells) and by cell tracking studies (Berg et al., 2010; Parish et al., 2007) . In the case of midbrain dopaminergic neurons, these studies also showed that the newt brain is capable to reactivate quiescent ependymoglial cells in homeostatically non-germinal zones, as well as to induce activated progenitors to differentiate into the lost neuronal subtype. Furthermore, local activation of midbrain ependymoglial cells occur where neurons were lost, with no evidence for migration of neuronal progenitors across brain regions (Berg et al., 2010; Parish et al., 2007) . During regeneration of the forebrain cholinergic neurons, new neurogenic niches are established, concomitantly with downregulation of the Notch signaling and appearance of Type-2 ependymoglial cells in nonhot spots (Kirkham et al., 2014) .
The selective ablation model is a powerful method to model key aspects of neurological diseases, such as Parkinson's disease (Parish et al., 2007) and to address the heterogeneity of ependymoglia cells. It is unclear if ependymoglial cells in a given region are lineage committed progenitors or they have a generalized neurogenic potential without neuronal subtype specificity. Nevertheless, modulation of neurotransmitter signaling has already shed some light on this question. We found that the neurotransmitter dopamine acts as a negative regulator of midbrain dopaminergic neurogenesis both during regeneration and in normal homeostasis. Artificial elevation of dopamine concentration by administration of L-Dopa after ablation of dopaminergic neurons inhibited regeneration of neurons by counteracting the injury responsive cell cycle reentry of ependymoglial cells. However, dopamine had no such effect on regeneration of cholinergic neurons and administration of GABA agonist did not inhibit dopaminergic neuron regeneration . These observations suggest, but do not prove that ependymoglial cells are lineage committed. Novel transgenic tools, such as those that allow for lineage tracing at clonal resolution in the brain , in combination with the chemical ablations will help answer this question. Such experiments should also resolve the question whether each neurotransmitter control the production of neurons of its cognate subtype [reviewed in (Berg et al., 2013) ]. Negative regulation of ependymoglial cell proliferation by dopamine is midbrain specific since ablation of midbrain dopaminergic neurons has the opposite effect in the target areas in the forebrain (Fig. 5) . This finding is in accordance with the data obtained in the parkinsonian rodent brain, in which forebrain neurogenesis was decreased (Hoglinger et al., 2004) . Inhibition of progenitor cell proliferation and dopaminergic neurogenesis by dopamine in the midbrain is evolutionarily conserved. Dopaminergic progenitors of the Lmx1a lineage in the mouse midbrain are innervated by dopaminergic neurons. Alike in salamanders, it was observed that administration of dopamine receptor antagonists during embryogenesis increased the proliferation of Lmx1a-expressing cells in the mouse midbrain and caused increased dopaminergic neurogenesis (Hedlund et al., 2016) . Intriguingly, cells that show lineage relationship with embryonic dopaminergic progenitors remain at low numbers in the ventricular layer of the aqueductal zone in the adult mouse midbrain (Hedlund et al., 2016) . Given the shared responsiveness to modulation of dopamine signaling, like in the salamander midbrain ependymoglia, these cells are promising candidates to promote dopaminergic neurogenesis in the adult mammalian brain. If the possibility of replacing lost midbrain dopaminergic neurons in Parkinson's disease by the activation of local progenitors is not dismissed, one should keep in mind that current pharmacological replacement treatments with L-dopa administration might counteract this strategy.
Within a few days after ablation of dopaminergic neurons an increased number of activated and proliferating microglia with amoeboid morphology appear in the salamander brain. Suppression of this inflammatory response by dexamethasone administration both decreases the number of dying TH + cells and increases production of TH + neurons during regeneration . Interestingly, in zebrafish (Kyritsis et al., 2012) , cell cycle reentry of the ventricular radial glia cells (which correspond to the neurogenic ependymoglial cells in salamanders) and neurogenesis are dependent on an activated immune system after stab lesion but no such evidence exist in salamanders. Instead, cell cycle reentry by ependymoglial cells in the salamander brain is dependent on ROS production but not on microglia activation (Hameed et al., 2015) . Ependymoglial cells in Notophthalmus accumulate ROS after neuronal ablation, and inhibition of ROS production by administration of apocynin interferes with cell cycle re-entry by ependymoglial cells and inhibits dopaminergic regeneration (Hameed et al., 2015) . Antagonizing dopamine signaling evokes cell cycle reentry in homeostatically quiescent midbrain epedymoglia cells without injury ), but it is not known at present whether artificial elevation of ROS production would be sufficient to undermine ependymoglia quiescence. A plausible and testable hypothesis is that while dopamine might act as a gate-keeper to cell cycle reentry, ROS production might sustain the proliferation of already cycling cells. The molecular mechanisms of neuronal regeneration are still poorly understood. Our microarray study on laser microdissected ependymoglial cells from salamanders indicated that factors involved in tissue remodeling (such as a matrix metalloproteases), and dopaminergic neurogenesis (such as sonic hedgehog) were upregulated, while factors A. Joven, A. Simon Progress in Neurobiology 170 (2018) 81-98 involved in stem cell maintenance (such as Sox1) were downregulated (Berg et al., 2010) . These experiments were carried out at the time no transcriptomes were available for salamanders. The transcriptome and genome data bases developed since then (Abdullayev et al., 2013; Elewa et al., 2017; Looso et al., 2013; Voss et al., 2015; Nowoshilow et al., 2018) provide a solid foundation for systematic interrogation of the molecular regulation of neuronal regeneration in salamanders.
Conclusions and perspectives
Research on salamanders have laid a foundation for our current understanding of CNS development, function and regeneration in tetrapods. Implementation of transgenesis and genome editing technologies for gene perturbation experiments now available for salamanders (Casco-Robles et al., 2010 , 2011 Elewa et al., 2017; Fei et al., 2014; Hayashi and Takeuchi, 2016; Hayashi et al., 2013; Joven et al., 2018; Khattak et al., 2013 Khattak et al., , 2014 Khattak and Tanaka, 2015; Ueda et al., 2005) pave the way for systematic interrogation of molecular control of development and regeneration as well as the relationship between the two. The cellular composition and structure of the salamander brain, which fits the current neuromeric model (Joven et al., 2013a,b,c) highlight key differences and similarities among tetrapods, which should be taken into considerations when comparing salamanders with amniotes, in particular with mammals. A key difference between the salamander and the mammalian brain is the persistent presence of the ventricular radial glia-like ependymoglial cells throughout their entire life, which is an attribute that has been linked to their extensive CNS regeneration capacity. Clearly, we need to identify additional factors that promote and counteract regeneration to occur in the tetrapod CNS. Why some animals in contrast to others are highly regenerative has long been a matter of debates. Fröbisch and collaborators suggested that salamander-like regeneration of extremities is an ancient feature of tetrapods that was subsequently lost in the lineage leading to amniotes (Frobisch et al., 2015) . While this is a plausible hypothesis, it is important to point out that variations in regeneration capacities and how regeneration is implemented varies among salamander species (Elewa et al., 2017; Sandoval-Guzman et al., 2014) , which are likely due to microevolutionary selective pressures. Thus, limiting research to a single salamander species may cloud our perspective, and these variations underscore the importance of exploring natural diversification. For example, CNS formation and regeneration remains unexplored in the extremely derived Plethodontid salamanders, although they represent the most extreme cases on brain secondary simplification (Roth et al., 1993) . Further systematic studies on regeneration after reproducible injury paradigms in a variety of brain regions and species might yield new insights on how regeneration could be promoted in species where it is not apparent.
